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Lead in drinking water has recently become a national concern on account of the leaching of 
lead from old water mains and service lines by corrosive water. The Lead and Copper Rule (LCR) 
requires public water supplies to test the quality of water at taps inside homes within their 
service area, but this rule does not apply to private water supplies. This study had two main 
research aims: (1) characterize the distribution of lead concentrations and water corrosivity in 
homes using domestic well water in three counties (Jackson, Kane, and Peoria) in Illinois and (2) 
develop and evaluate health department partnerships, participant recruitment approaches, and 
home sampling methods to inform the design of a scaled-up study. 
 
A total of 151 samples was collected from kitchen taps in Phase I of this study. Almost half 
(48.3%) had detectable lead in the first draw sample, and 22.5% had detectable lead in the 
seventh liter sample. Five first draw samples (3.3%) exceeded the LCR action level of 15 parts 
per billion (ppb). For the samples with the highest water lead levels (WLLs), most of the lead 
appeared to be in the particulate form. Elevated WLLs were associated with older homes and 
well water with high corrosivity. Results of this study indicate the potential vulnerability of 







Health Effects of Lead 
 
Lead exposure and children’s blood lead levels (BLLs) have decreased substantially in the United 
States since the 1970s following the phase-out of leaded gasoline and the ban on sales of 
leaded paint for home use (Hornung and Lanphear 2014). Even though BLLs have fallen at the 
population level, clearly no level of lead in blood is free of risk. Neurodevelopment can be 
impaired by BLLs below 5 micrograms per deciliter (µg/dL), levels once thought to be safe.  
 
The most widely studied impacts from lead ingestion and inhalation are neurobehavioral. In the 
1970s, the groundbreaking work of Herbert Needleman showed that exposure to lead, even in 
the absence of overt clinical symptoms of acute lead toxicity (such as seizures and coma), 
impairs neurodevelopment in young children (Needleman 1973, Needleman and Leviton 1979) 
(). The American Academy of Pediatrics stated in 2016 that any lead exposure in children is 
harmful, and that “[e]ven at half the levels previously considered safe, growing evidence shows 
a child’s exposure to lead can cause irreversible cognitive and behavioral problems.” 
Furthermore, because the effectiveness of medical treatments for lead poisoning is very 
limited, exposure prevention is needed (American Academy of Pediatrics 2016). Chronic lead 
exposure is associated with various neurobehavioral impacts, such as distractibility, impulsivity, 
and shortened attention span in children. While the magnitude of association is still under 
investigation, Attention Deficit/Hyperactivity Disorder (ADHD) has been reliably associated with 
10 μg/dL and, to a certain extent, BLLs under 5 µg/dL (Abadin et al. 2007, Vorvolakos et al. 
2016). In a study of 172 children aged 6 months to 5 years, linear regression modeling showed a 
4.6 decrease in IQ resulting from each 10 µg/dL in the lifetime average blood lead 
concentration. Non-linear modeling showed a decline of 7.4 IQ points as lifetime average lead 
exposure increased from 1 to 10 µg/dL (Canfield et al. 2003). Case studies have demonstrated 
that reducing the elevated lead body burden has resulted in mitigated depression symptoms 
(Sohler et al. 1977). 
 
Many of these neurological impacts may be developmental in nature, as exposures carry over 
from maternal exposure, or manifest later in development. A prospective study (a cohort study 
where participants are enrolled before they develop the disease or outcome in question) found 
that increased levels of δ-aminolevulinic acid (ALAD substrate) in maternal serum was 
associated with perinatal lead exposure as low as 15 μg/dL and the later development of 
schizophrenia (Opler et al. 2004). Higher mean childhood concentrations have also been 
associated with reduced adult grey matter in specific sections of the brain such as the anterior 
cingulate cortex, which may be related to cognitive and behavioral issues. 
 
A recent cohort study found that children with lifetime average blood concentrations of 
between 5 and9.9 μg/dL scored 4.9 points lower on the Wechsler Preschool and Primary Scale 
of Intelligence–Revised and that this inverse association between blood lead and “Full-Scale IQ” 
was observed at peak BLLs as low as 2.1 μg/dL (Jusko et al. 2008). Cross-sectional studies using 




associations between elevated BLLs and having a major depressive disorder and panic disorder 
(Sohler et al. 1977, Vorvolakos et al. 2016). 
 
Lead has multiple mechanisms of toxicity. Lead is particularly effective at inhibiting heme 
biosynthesis, and as a result, hemoglobin production. One of the enzymes susceptible to lead is 
δ-aminolevulinic acid dehydratase (ALAD), which generates a heme precursor. ALAD can be 
inhibited over a large range of BLLs starting at < 10 µg/dL (Abadin et al. 2007). This impact is 
magnified through inhibition of glutathione (GSH), an enzyme that stabilizes reactive oxygen 
species. The sum total of both GSH and ALAD inhibition, with the destabilization of cellular 
membranes via lipid peroxidation, can result in hemolytic anemia and oxidative stress-induced 
cell death. Lead’s neurotoxic mechanism of action mimics calcium in neuron cell uptake and 
displaces it from its binding sites. This allows lead to pass through the blood brain barrier and 
subsequently impair mechanisms important in the maintenance of synapses, neuronal 
development, and neuron and glia interactions (Kim et al. 2015, Vorvolakos et al. 2016). 
Increased Protein Kinase C (PCK), which is regulated by calcium (Ca2+), can impair brain 
microvascular formation and function, as well as disrupt pre-frontal cortical regulatory 
activities. It also affects the various neurotransmission systems (glutamatergic, cholinergic, and 
dopaminergic), most specifically the glutamatergic. The increased amount of oxidative stress 
also contributes to increased neuron vulnerability (Vorvolakos et al. 2016).  
 
Many of the clearly observable acute effects of lead are neurological/neurobehavioral or 
cerebrovascular in nature. Male workers experiencing exposures of 40-60 µg/dL had impaired 
abilities in verbal concept formation, visual/motor skill performance, memory, and mood, but 
did not present any particular peripheral nervous system impacts. High levels (100-120 µg/dL 
for adults, 80-100 µg/dL for children) often result in encephalopathy and severe delirium, often 
leading to coma and death (Vorvolakos et al. 2016). Other impacts are more mobility-based, 
such as postural balance and paresthesia.  
 
Animal model studies have identified a plausible mechanism of how lead could cause 
hypertension through neurohumoral regulation of vascular resistance, heart rate, and overall 
cardiac output. A recent study using NHANES-III data has found significant positive associations 
between diastolic blood pressure and exposure levels of BLLs (0-2 μg/dL, 2-5 μg/dL, 5-10 μg/dL, 
and 10+ μg/dL) (Obeng-Gyasi et al. 2018). Another study also using NHANES-III data found 
significant positive associations between increases in BLLs from 1.0 to 6.7 µg/dL (the 10th-90th 
percentiles of BLLs in NHANES) and increases in cardiovascular ischemic heart disease mortality 
(Lanphear et al. 2018).  
 
Much of the nephrotoxic impacts of lead can be related to oxidative stress from reactive oxygen 
species (ROS), as well as causing lipid oxidation and DNA fragmentation. In particular, lead 
seems to have strong mitochondrial impacts affecting both membrane behavior and overall 
osmotic balance of renal cells, causing membrane potential change by replacing Ca2+, apoptosis 





A suite of health effects has a dose-response relationship with BLLs. BLLs < 20 µg/dL have been 
associated mostly with impacts on glomerular filtration, while those > 30 µg/dL have been 
associated with enzymuria and proteinuria (increased enzyme and protein content of the urine, 
respectively). Above 50 µg/dL, major functional and pathological changes start becoming 
increasingly evident. When adjusting for age, decreased glomerular filtration has been 
consistently observed in relation to BLLs, even with levels < 20 µg/dL; a few studies have found 
associations with lead even in the range of < 10 µg/dL (Abadin et al. 2007). However, it is 
important to note that hypertension may be a cause or consequence of lead, as decrements in 
glomerular filtration can increase blood pressure.  
 
Lead can adversely affect what is known as the “hypothalamus-pituitary-testicular (HPT) axis.” 
The sequential interaction of the hypothalamus and the pituitary gland ultimately affects the 
behavior of the male gonadal system. Lead impairs signaling pathways and the receptors of the 
pituitary and the gonadal systems, respectively, preventing induction of spermatogenesis 
processes. Animal studies indicate that lead may more directly affect overall spermatogenesis, 
resulting in immature sperm cells, lowered sperm cell function, and low sperm count. In 
particular, the generation of ROS can specifically alter sperm viability, motility, and other 
functions that can reduce fertilization rates. In epidemiology studies, BLLs of ≥ 40 µg/dL were 
found to affect male fecundity, measured by the time to pregnancy of their respective partners. 
The HPT-axis is relatively vulnerable and may be irreversibly impacted by lower dose chronic 
lead exposures than high doses (Gandhi et al. 2017).  
 
Inorganic lead is classified as a Group 2A carcinogen (“probably carcinogenic”) by the 
International Agency for Research on Cancer (IARC) based on animal testing and limited data 
from human subjects. Cancers of the stomach, bladder, and lung are linked to inorganic lead 
exposure. By contrast, organic lead is in Group 3 (insufficient evidence to evaluate it as a 
carcinogen) (IARC 2006). While many of the effects in children and adults are similar, child 
exposures are greater because of children’s tendency to have increased contact with lead 
sources. Ingestion and inhalation are the main pathways to exposure of lead, and children are 
more likely to ingest or inhale lead-containing soil, dust, and paint chips. Children may also 
experience a greater internal dose relative to their size. Finally, many child exposures may 
cause irreversible developmental impacts, some of which progress to more serious conditions 
in adulthood (Abadin et al. 2007). 
 
Water Lead Levels 
 
Drinking water as a source of lead has received widespread public attention when community 
water systems have had high water lead levels (WLLs). The Washington, DC water crisis began 
in 2001 when the Washington Area Sewer and Water Authority (now known as DC Water) 
changed the drinking water disinfection method from chlorine to chloramine. This change was 
done to comply with the new United States Environmental Protection Agency (USEPA) 
regulations. However, the change was made without adding corrosion control, resulting in the 
dissolution of the protective scale that had accumulated in old lead pipes, ultimately dissolving 




was switched from Lake Huron and the Detroit River to the Flint River. The new water source 
had higher corrosivity levels, but the switch was carried out without corrosion control, causing 
protective scale and eventually lead to leach from pipes into the drinking water. 
 
A third major site of municipal drinking water lead research occurred in Montréal, Quebec. 
Health Canada set a health effects-informed Maximum Acceptable Concentration (MAC) of 
10 μg/L in 1992, requiring utilities to conduct active monitoring at residential locations 
annually. Sampling conducted in 2005 found moderate lead concentrations in Montréal 
households with lead service lines. Authorities at the Montréal Public Health Department used 
these data to estimate potential BLL increases, finding that the increases were under the 
notification level of 10 μg/L at the time (Levallois et al. 2014). More recently, the drinking water 
system in Newark, NJ, was found to have high WLLs (Corasaniti et al. 2019). Multiple studies 
have emerged from these locations with the analysis of the impacts of WLLs on BLLs (Edwards 
et al. 2009, Levallois et al. 2014, Hanna-Attisha et al. 2016, Ngueta et al. 2016, Gómez et al. 
2019). The results from these studies are summarized in Table 1. 
 
With varying ability and success, these studies addressed the hypothesis that increased WLLs 
result in elevated BLLs. For Washington, DC, Edwards et al. (2009) demonstrated that there is a 
dose-response-like relationship between the 90th percentile WLLs and percentages of children 
aged 1.3 years and younger with elevated BLLs (higher than 10 µg/dL). Neighborhoods were 
evaluated by risk using the percentage of homes with lead pipe multiplied by the percentage of 
homes with first draw (stagnant overnight or for a period of hours) WLLs exceeding 100 ppb. 
They were ranked as high, moderate, and low risk. Significant correlations between WLLs and 
elevated BLLs were observed in high and moderate risk neighborhoods, with the slope of the 




Table 1: Summary of key studies examining WLLs and BLLs. 







< 1.3 years 
90th percentile 
levels by zip 
code 
Percent of elevated 
BLLs above 10 µg/dL 
from individual-level 
health record data 









< 5 years 
City wards 
classified by % 
homes 
exceeding 
Percent of elevated 
BLLs above 5 µg/dL 
from individual-level 








analysis of BLL 
data 
≤ 5 years 15 ppb  
Geometric mean levels 
and % exceedances 
during 3 18-mo. 
periods  






Cross-sectional 1-5 years Not Provided 
Directly sampled from 
participants 
Levallois et al., 
2014; Ngueta et 





In Montréal, Levallois et al. (2014) observed a significant association between the upper tertile 
of measured WLL (3.3 µg/L) with the 75th percentile of BLL (1.78 µg/dL), after adjusting for 
measured paint and dust lead exposures. This study was complemented by work done by 
Ngueta et al. (2016). They modeled how cumulative water exposure may increase BLLs using 
the same data as Levallois et al. Using linear regressions to compare BLLs to cumulative water 
exposure, this study found that BLLs had significant associations with cumulative exposures 
starting at 0.7 μg lead/kg body weight.  
 
In Flint, Hanna-Attisha et al. (2016) tried to make a similar point, but the researchers did not 
report the WLLs at individual homes. Rather, they used coarser classifications with secondarily 
collected data on the percentage of homes exceeding 15 ppb, using these to demarcate “high 
WLL” and “low WLL” areas. From there, the researchers compared the percentage of elevated 
BLLs in the “higher risk” areas to the “lower risk” ones before and after the water source 
change. They found statistically significant increases in incidences of elevated BLLs that were 
higher than 5 μg/dL overall and in the “high WLL” neighborhoods. 
 
The main sources of water lead in community systems have been mostly attributed to lead 
service lines, which are pipes that connect a major water distribution main with premise 
(home) plumbing. There are an estimated 6.1 million lead service lines (full and partial) in the 
United States, with about 11,200 community water systems containing meaningful amounts of 
lead service lines (Cornwell et al. 2016). It is estimated that service lines have contributed on 
average 50-75% of all water lead measured at the tap, while premise plumbing has been 
estimated to contribute 20-35% of all lead on average (Sandvig et al. 2008). Lead service lines 
may contribute lead through the dissolution of pre-existing scale as well as direct oxidation of 
pipe walls, disruption of scale formation processes, and through physical processes such as 
excavation that may liberate particulates. An additional source of lead in lead service lines is 
previously liberated lead that has been removed from solution in scale build-up; if conditions 
change, this lead may be re-released (Sandvig et al. 2008). Lead service line contributions are 
also affected by the length and diameter of the piping in question. By contrast, premise 
plumbing consists of service line-like components, interior piping, various faucets and fittings, 
and any of the solder used to join any of those components. Many components are made up of 
alloys and mixtures, such as brass and galvanized pipe, which may contain variable amounts of 
lead. For example, until the passage of the Reduction of Lead in Drinking Water Act in 2014, 
brass could legally contain up to 8% lead in addition to other metals like copper and zinc 
(Minnesota Department of Health n.d.). 
 
Waterborne lead comes in two forms: dissolved and particulate. Dissolved lead typically 
accumulates in water as a product of stagnation time and is often linked to the presence of lead 
services lines and lead-containing components of premise plumbing. By contrast, particulate 
lead comes from chipping lead solder and aging pipes and is more related to physical 
disturbance and abrasion, which makes it difficult to predict rates of accumulation and release. 
Therefore, particulate lead may be more related to flow rate, hydraulic regime, and particle 







Unlike other forms of pollution, lead usually does not enter drinking water sources because of a 
sudden release from a point source, but results from an interaction between the water itself 
and the pipes, fixtures, and solder through which it comes into contact. Specifically, the 
mechanism of lead leaching into drinking water is a product of water corrosivity. Information 
surrounding water corrosivity in community water systems has been extensively documented 
(Cantor 2011, Hill and Giani 2011). The mechanism behind corrosion at its core is an 
electrochemical reaction. Different parts or walls of the piping are the anodic and cathodic 
sites, and flowing water is the medium that enables electron transfer. This redox reaction 
results in metal pipe walls and components that can subsequently interact with different 
aqueous species, yielding products that may be soluble. Corrosion is the dissolution of these 
resulting soluble products. Corrosion can happen uniformly, where microscopic anodic and 
cathodic sites move around the pipe and result in a consistent loss of metal all around. It can 
also occur non-uniformly, where the anode and cathode are relatively fixed and corrosion is 
more localized. Methods to prevent corrosion include controls on pH and other parameters 
that promote redox reactions or the generation of protective insoluble precipitates known as 
chemical scales.  
 
Corrosive water is determined by several interdependent chemical parameters. The most 
important parameter is pH. In municipal systems particularly, higher pH values reduce the 
dissolution of metals from the pipe wall, controlling for other parameters and aqueous species. 
In addition, pH has a significant impact on total dissolved solids (TDS), alkalinity, total dissolved 
inorganic carbon (DIC), and other aqueous species. Alkalinity, a measure of total carbonate, 
bicarbonate, and hydroxide, describes the ability of water to neutralize acid and resist changes 
in pH. TDS is a measure of the concentration of all dissolved species and is correlated with 
electrical conductivity. Higher TDS values can exacerbate already occurring corrosive reactions. 
Lower TDS values, particularly for lead, can promote oxidization of metals and the dissolution of 
precipitated films and scales. DIC, which is similar but not identical to alkalinity, measures levels 
of carbonate, bicarbonate, and carbonic acid (dissolved carbon dioxide). It measures 
constituents that contribute to alkalinity and has a complex impact on corrosivity.  
 
Other factors that may also be consequential in terms of corrosion that liberates lead include 
those that influence galvanic corrosion. Galvanic corrosion occurs when two different metals 
with different electrical potentials are connected to each other in the presence of an 
electrolyte. This happens in instances where lead solder joints are connected to copper pipes, 
or when there is a partial lead pipe replacement. In the former case, the lead components, 
exposed to a lower pH with lower alkalinity, form an anodic site that donates electrons 
favorably to copper. Oxidized lead in these contexts forms one of two complexes: lead (II) 
sulfate (PbSO4), which is insoluble, and lead (II) chloride (PbCl2), which is soluble. Thus, sulfate 
and chloride levels may act on components of the water system, making them function as 






Domestic Wells: Sources of Lead and Mitigation Challenges 
 
Domestic wells are used as a source of drinking water by 15 million U.S. households, 
particularly in rural areas (U.S. Census Bureau 2008). Although the Lead and Copper Rule (LCR) 
mandates the testing of tap water for lead in community water systems, it does not apply to 
domestic wells (Public Law 111-380). For that reason, little is known about WLLs in domestic 
wells. Studies conducted in Wisconsin (Knobeloch et al. 2013), Virginia (Pieper et al. 2015b), 
Pennsylvania (Swistock et al. 2013), and North Carolina (Tomlinson et al. 2019) found that WLLs 
exceeded the LCR threshold of 15 µg/L in 5-10% of domestic well samples. Untreated 
groundwater can be corrosive on account of high concentrations of chloride and sulfate or low 
pH (Rogan et al. 2001, Levin et al. 2008, Levallois et al. 2014). Generally, anthropogenic sources 
of chloride and sulfate, such as road salt runoff, agricultural and industrial discharges, sewage, 
and soil disruption can increase groundwater corrosivity (Pieper et al. 2015a, Ngueta et al. 
2016). In Illinois, some groundwater regions are relatively corrosive because of the high levels 
of sulfate (naturally occurring) and chloride (from road salt application during winter) (Kelly et 
al. 2012). A Centers for Disease Control and Prevention (CDC) publication from 2012 notes, 
“[t]he number of homes supplied by private wells or sources that serve < 25 persons that have 
leaded plumbing, fixtures, or solder is unknown, as is the number of such homes that would 
benefit from appropriate corrosion control or water filtration at the point of use” (Brown and 
Margolis 2012). 
 
In Illinois, nearly 300,000 children ≤ 6 years of age were tested for lead in 2014, and 6.8% had 
BLLs of ≥ 5 µg/dL, the CDC’s “reference level” (Illinois Department of Public Health 2015). More 
than 10% of children < 3 years of age had BLLs of ≥ 5 µg/dL in 12 Illinois counties--all of them 
rural. The use of domestic wells for drinking water is primarily a rural phenomenon, potentially 
adding lead exposure through drinking water to the array of health challenges faced by 
residents of rural areas, who tend to live shorter lives and face greater challenges accessing 
health care services than residents of urban areas (Douthit et al. 2015). Community water 
treatment systems mitigate the corrosivity of their source water by several methods, including 
adding phosphate or silicate-based corrosion inhibitors or controlling pH or alkalinity, which 
reduces lead leaching (U.S. Environmental Protection Agency 2016). These corrosion control 
treatments are generally not available at a reasonable cost for private well owners. Although 
corrosion control costs for public water supplies and lead water main replacements are shared 
among consumers, sometimes with state and federal support, private well owners are generally 
on their own when it comes to modifying their water quality. Identifying low-cost, effective 
methods of reducing private well WLLs is further complicated by the growing recognition that 
both soluble and particulate lead can be present in tap water (Deshommes et al. 2010, 
Deshommes et al. 2016).  
 
There is no federal level regulation of private domestic wells. They are not within the purview 
of the USEPA, which does not have any promulgated standards for levels of given 
contaminants. The CDC does have a program to help state health departments reduce harmful 




guidance in developing policies and practices that are more robust. However, this program is 
optional and requires states to carry out the recommendations themselves.  
 
Some state regulations for domestic private wells exist, but they vary from state to state. As of 
2018, currently 18 states have some form of regulation on the books (Schneider 2019). At a 
minimum, 17 states (including Illinois) require testing after well construction. Eight require 
testing after well repair, and three require testing before real estate transactions. However, 
these regulations mostly concern regulating well testing for a limited scope of contaminants by 
the owner. In Illinois, county health departments are required to sample new wells for coliform 
bacteria and give well owners those test results after well construction. The Illinois Department 
of Public Health (IDPH) is then charged with informing owners of the significance of the results 
and giving recommendations, which owners must comply with or face enforcement action. 
Many counties also require nitrate testing and testing of other species (A. Schneider, personal 
communication).  
 
There are various components of well and domestic plumbing systems that corrosive 
groundwater can interact with and subsequently become contaminated with dissolved and 
particulate lead (Figure 1). These include parts of the pump, the wellhead itself, the packer, the 
well screen, the well casing, submersible water pumps, pipes, pitless adapters, the pressure 
tank, faucets, and various fittings, joints, and alloys (Pell and Schneyer 2016). If the well or 
home is old enough, the plumbing may be composed entirely of lead. Use of lead in new service 
lines and plumbing was banned in 1986, and for that reason, homes, wells, and plumbing 
systems built since then should contain significantly less lead than older ones.  
 
Solder alloys, used to join plumbing materials with a water-tight seal and containing up to 40-
50% lead, were used extensively until they were banned in 1986 (Triantafyllidou and Edwards 
2012). Lead solder has been demonstrated in lab analyses and case studies to corrode and 
contribute to particulate lead exposures (Triantafyllidou et al. 2017). Many components, 
including valves, faucets, and fittings inside the home, may contain brass, another potential 
source of lead. Prior to 1995, submersible pumps could also contain lead. Both lead solder and 
brass connected to copper pipes can undergo galvanic corrosion at high rates, particularly in 










Brass fixtures may especially contribute to lead exposure in homes. Kimbrough (2009) reported 
on a location where a new tract of homes was built along with a new public water system to 
service it. The higher order street mains for this new tract were made of ductile iron, the 
service lines were made of copper, and the meters had “lead-free” brass components. 
Additionally, the plumbing systems connecting the meter to the tap were made entirely of 
plastic with some organolead components. It was hypothesized that the major sources of lead 
would come from brass in the interior fixtures. Samples from the homes with plastic plumbing 
were compared to previously sampled, traditionally plumbed homes. This control population 
had no lead service lines or plumbing, just lead-soldered copper pipes. Concentrations of 
copper, lead, nickel, and zinc (brass corrosion-indicator elements) were higher in the newer 
plastic homes. Additionally, samples that were high in zinc were also likely to be higher in lead 
and nickel, which corresponds with the mechanism of dezincification common to brass 
corrosion. Galvanized steel pipe, which has a protective zinc layer, can also contain lead 
impurities (Triantafyllidou and Edwards 2012). Finally, the chemical scales and rusts that form 




much later after physical or chemical disturbances. This fact means that lead may continue to 
be released even after the upstream lead-containing elements of the plumbing system have 
been removed.  
 
In a recent analysis, Pieper et al. (2018) sampled 15 homes in Macon County in North Carolina 
and analyzed concentrations of lead and other metals in both first draw and flushed samples. 
Samples were taken directly at the wellhead to avoid the influence of premise plumbing, and all 
of them contained detectable lead, with 10 of them exceeding the action level. All the wells 
were confirmed to have had brass fittings at the sampling outlet, and 13 had galvanized iron 
components at the well head. The presence of brass and iron in the fittings was consistent with 
the observation of significant correlations between particulate lead levels and zinc, copper, and 
iron. 
 
It is important to note that the continued presence of leaded well components may be the 
result of regulatory ambiguity and oversight at the state level. Pieper et al. (2016a) discussed 
this ambiguity and oversight in evaluations of the National Science Foundation 
International/American National Standards Institute’s lead-free standards. They note that the 
1986 Lead Ban used the language of “any plumbing… which is connected to a public water 
system,” which may have excluded private wells. This has been resolved, but there are still 
ambiguities in the regulations such that state agency oversight may contribute to the continued 
use of leaded components in private well systems (Pieper et al. 2016a).  
 
Sampling Domestic Wells: Design Considerations 
 
Each of the three studies from Pennsylvania, Wisconsin, and Virginia resulted from 
collaborations with free and reduced-fee well water testing programs affiliated with the 
extension offices of universities and state agencies (Pieper et al. 2015b). Two of these studies 
(Knobeloch et al. 2013, Pieper et al. 2015b) used extension programs where individuals simply 
submitted samples for lab analyses, and the study authors used minimal exclusion criteria 
beyond complete sample information and confirmation that they came from a private well. In 
contrast, Swistock et al. (2013) used a more involved extension program (the Penn State Master 
Well Owners Network) that used trained well owners to help with the selection of wells and to 
train other well owners on how to sample and interpret their results. All three of these studies 
had homeowners taking their own samples in their home, with instructions provided to them. 
 
Lead was evaluated as part of a broader suite of constituents by Swistock et al. (2013) and as 
part of a general evaluation of well water quality by Knobeloch et al. (2013). Only dissolved lead 
levels were analyzed in these two studies. Pieper et al. (2015b) evaluated both dissolved and 
particulate lead to better evaluate possible contributions of lead, as well as any relationships 
between lead and other metals. With the exception of Pieper et al. (2015b), study participants 
received instructions to disengage or take samples upstream of any household water treatment 
system. Additionally, Swistock et al. (2013) and Pieper et al. (2015b) asked participants to 




(2013) analyzed only the first draw samples for lead. Only Pieper et al. (2015b) specifically 
measured corrosivity in water samples.  
 
The results of these three studies are summarized in Table 2. The two studies with first draw 
samples had WLLs that exceeded the USEPA action level of 15 µg/L, but Pieper et al. (2015b) 
found almost twice as many exceedances with a much larger sample size counting particulate 
as well as dissolved lead. Only Pieper et al. (2015b) reported the overall distribution of lead 
values, indicating that 73% were below 10 μg/L. For the second draw, again only two of these 
studies properly analyzed flushed samples, and they are consistent with each other in terms of 
the percentage of wells still exceeding the action level. However, the actual measurements 
appear to be quite different. Pieper et al. (2015b) reported that about 90% of results were less 
than 2.6 µg/L, with an absolute maximum of 405 µg/L. This is in stark contrast to Knobeloch et 
al. (2013), which reported a much higher median of 9 µg/L and a maximum reported value of 
2,100 µg/L.  
 
While these three studies are the most relevant evaluations of lead in private well water, they 
suffer from a variety of shortcomings. Corrosivity’s effect on WLLs was not fully measured in 
any of the studies. In one study, corrosivity was indirectly addressed based on the finding of 
statistically significant associations between lead, high pH, and self-reported plumbing 
materials. Pieper et al. (2015b) used pH and correlations between WLLs with zinc, copper, and 
nickel to evaluate internal corrosion of particular parts (e.g., brass alloys). Additionally, they 
addressed corrosivity by looking at the odds of participants observing or noticing specific visual 
and aesthetic features of their water and plumbing fixtures and having an elevated WLL above 
the action level. However, corrosivity was not explicitly quantified using a standardized metric. 
 
The findings of the three studies are likely specific to their respective geologic setting and land 
use regimes and may have limited relevance to the Illinois environment. The Wisconsin setting 
of the study by Knobeloch et al. (2013) most closely resembles Illinois’, but they did not 
mention the influence of geology. Swistock et al. (2013) did take geology into account, using the 
Pennsylvania geologic regions as a categorical predictor in logistic regression and analysis of 
covariance (ANCOVA) models, but did not report the results of these analyses. Pieper et al. 
(2015b) did not discuss geology, but a follow-up study using the same data did evaluate the 





Table 2: Summary of prior studies that analyzed private well water samples for lead. 
Reference Samples 
First Draw > 15 
µg/L Action Level 
First Draw 
Distribution 
Second Draw/ Flushed 
Exceeding Action Level 
Second Draw/ 
Flushed Distribution 
Knobeloch et al., 2013 3,868 Not Reported Not Reported 1.80% 
Median: 9 μg/L 
Max: 2100 μg/L 
Swistock et al., 2013 251 12% Not Reported Not Applicable Not Applicable 
Pieper et al., 2015b 2,029 19% 
Mean: 22 μg/L 
Median: 4 μg/L 




The follow-up study did try to address some of this variation in terms of geology. However, the 
geologic setting for this latter study (Virginia) is quite different from areas in Illinois. The largest 
proportion of Virginia has fractured crystalline bedrock aquifers composed of relatively 
unreactive igneous and metamorphic rock. As a result, groundwater in these locations is more 
acidic and has lower conductance and less buffering capacity. The second largest geologic 
region in Virginia, the Valley and Ridge, is composed of carbonate aquifers that may influence 
groundwater alkalinity (Pieper et al. 2016b). By contrast, Illinois aquifers utilized by domestic 
wells are primarily either carbonate rock or sand and gravel aquifers, which typically have a 
greater influence on alkalinity (Illinois State Water Survey 2020). Accordingly, the groundwater 
in Illinois generally has higher pH levels, usually close to neutral (W. Kelly, personal 
communication).  
 
A shortcoming of all three of the studies is the lack of in-person training, which is attributable to 
the researchers using data collected from pre-existing state and university extension programs 
rather than systematically defining their own sampling programs. Because training could not be 
performed in the place of sampling, there may be unexplained errors that could not be 
controlled in the results. Finally, only one study (Pieper et al. 2015b) analyzed particulate and 
soluble lead; the other studies employ the traditional soluble lead metric and subsequently may 
be underestimating the full lead exposure. 
 
Hydrogeology of the Counties Studied 
 
Hydrogeological conditions in Kane County have been studied extensively in recent years 
(Hansel and Johnson 1996, Dey et al. 2004, Dey et al. 2005, Meyer et al. 2009). Domestic wells 
in Kane County are primarily drilled into shallow aquifers, which include unconsolidated sand 
and gravel glacial deposits and underlying shallow bedrock. There are several sand and gravel 
aquifers, most prominently the Henry and Glasford Formations. The glacial geology is very 
complex, and the sand and gravel aquifers are sporadically distributed across Kane County. Low 
permeability layers are typically above, between, and below the sand and gravel aquifers, but in 
many parts of the county the sand and gravel aquifers are hydraulically connected to the 
shallow bedrock aquifer. The tops of the shallow bedrock aquifers are typically within 300 feet 
of the land surface. The shallow bedrock includes Silurian-Devonian, Maquoketa, and Galena-
Platteville carbonates. In some parts of the county, notably Campton Township, domestic wells 
have been drilled into the St. Peter Sandstone, a deep bedrock unit, on account of declining 
water levels in shallower aquifers.  
 
In Peoria County, domestic wells are typically found in sand and gravel glacial deposits. As in 
Kane County, the glacial geology is complex (Kelly et al. 2018). Sand and gravel units can be up 
to 400 feet thick along moraines but can be completely absent in other parts of the county. The 
sand and gravel aquifers tend to be buried under low-permeable clay-rich sediments, except 
along the Illinois River. Thick sand and gravel deposits along the Illinois River are the most 





Jackson County has productive sand and gravel, sandstone, and limestone aquifers (Pryor 
1956). The sand and gravel aquifers are primarily found in the Mississippi River bottomlands in 
the southwestern part of the county and along the Big Muddy River in the eastern part. Shallow 
bedrock aquifers in the county are Pennsylvanian, Mississippian, and Devonian sandstones and 
limestones. Creviced limestones and karst features are present in the southwestern part of the 
county (Panno et al. 1997, Weibel and Panno 1997). Pryor (1956) noted that there was the 
danger of bacterial pollution in groundwater supplies from creviced formations with a thin 
unconsolidated cover that would provide very little filtering action and allow polluted water to 




This study was designed to characterize lead levels in water used by families primarily in rural 
areas of Illinois that obtain water from domestic wells, with the goal of determining whether 
further study and public health interventions are needed to reduce lead exposures among users 
of domestic well water in Illinois. 
 
There were two main research aims: 
1. Characterize the distribution of lead concentrations and water corrosivity in homes 
using domestic well water in three counties in Illinois. 
2. Develop and evaluate health department partnerships, participant recruitment 







A cross-sectional pilot study was conducted to evaluate total available lead and other relevant 
metals, corrosivity metrics, well and housing information, and demographics in three counties 
of Illinois. Phase I consisted of initial recruitment into the study and sampling of homes. Phase II 
consisted of more complete sampling of homes with elevated lead levels.  
 
Recruitment of Local Public Health Departments 
 
The goal was to identify three local health departments (LHDs) to partner with in covering a 
cross section of the state. We were able to get commitments from LHDs in Jackson (southern 
portion of the state), Peoria (central), and Kane (northern) Counties. Memoranda of 
Understanding were developed and approved by the LHD boards.  
 
Human Subjects Research Protections 
 
Approval from the UIC Institutional Review Board (IRB) for the research protocol was obtained 
in February 2018. Researchers and LHD participating personnel all completed IRB training. Final 
IRB approval was not received until June 22, 2018, when all participating LHD personnel had 
completed IRB training. 
 
On-site training of health department staff was done at each LHD in spring 2018: Jackson 
County, March 5; Kane County, April 2; and Peoria County, April 9. Training included the 
following components: 
 
 Presentations on what well owners needed to know about lead and the health effects of 
lead  
 Discussion on how to advertise the study 
 Instructions on how to enroll participants in the study 
 Instructions on collecting and shipping water samples 
 Instructions on how to fill out the questionnaire 
 
After final IRB approval was received, refresher trainings were held with each LHD via Skype. On 
October 25, 2018, a conference call was held for members of the three LHDs and project PIs to 
discuss progress and share problems, successes, lessons learned, etc. Work was delayed in 
Peoria County because of a change in personnel, so an additional refresher training was held via 
Skype for Peoria staff on December 3, 2018.  
 
Sample kits were prepared and delivered to the LHDs for their personnel to distribute to the 
study participants. The kits include two pre-labeled bottles, two sets of different sized gloves, a 
freezer pack, a Styrofoam shipping container, sampling instruction sheet, questionnaire, and 
consent form. The documents that accompanied the sample kits were translated into Spanish 
but ended up not being used in the study. A photo of the sample kit and copies of the sampling 




A video for instructing well owners and LHD personnel on how to properly collect water 
samples was produced and translated into Spanish. Both the English and Spanish versions were 
uploaded to the PrivateWellClass.org website, on a webpage devoted to the project: 
http://privatewellclass.org/lead-sampling. A video with narration was also prepared to instruct 
homeowners on how to determine the material their pipes are made of and uploaded to the 
website.  
 
Recruitment of Study Participants 
 
The LHDs were responsible for recruiting participants in their county. This included local 
advertising in news (print and television) and social media. People interested in participating 
were instructed to contact the LHD. The workflow was as follows: 
 
1. LHD staff collected basic information from the potential participants (e.g., contact info, 
home age, etc.), then uploaded the material to a Box folder shared among the project staff.  
2. UIC personnel (Dorevitch, Bressler) determined if the individuals met eligibility criteria, then 
passed that information back to the LHD staff and ISWS (Kelly).  
3. ISWS sent a UPS return address label to the LHD staff for shipping the samples to ISWS for 
analysis.  
4. LHD staff delivered a sample kit and address label to the participants and instructed them 




There were three primary goals for Phase I sampling: (1) determine water lead levels in first 
draw samples; (2) determine water lead levels after the house plumbing had been flushed; and 
(3) determine the corrosivity of the flushed water. Because the first draw samples require 
water that has been stagnant for at least six hours, sampling is most efficiently done by the 
homeowner. In order to make sure good samples were collected, detailed written instructions 
and a video were prepared. LHD personnel were trained in person on how to collect samples, 
and they in turn demonstrated the sampling procedures in person to participants in their 
homes. This required a home visit by LHD personnel. 
 
Briefly, the sampling procedure was as follows: 
 
1. Collect a first draw sample from the kitchen tap after the water had been sitting in the 
plumbing for at least six hours. This was usually done first thing in the morning or when 
the homeowner returned at the end of the day. One liter of sample was collected. 
2. The next 5 liters of water were discarded by filling and emptying the second sample 
bottle five times.  
3. The seventh liter was then collected in the second sample bottle. This sample 
represented a flushed sample. In addition, parameters that affect corrosivity (chloride, 




4. The two sample bottles were put into an insulated shipping container with a freezer 
pack and shipped to ISWS where the chemical analyses were performed. 
 
The goal of Phase II sampling was to select homes with the most elevated WLLs and to 
determine the quality of water coming directly from the well, i.e., upstream from any 
treatment. Samples were typically collected from an outside spigot or hydrant. The spigot or 
hydrant was turned on to full flow and allowed to run for 5-10 minutes while field parameters 
were collected with a multi-sonde. The parameters included water temperature, pH, specific 
conductance (SpC), oxidation-reduction potential (ORP), and dissolved oxygen (DO). Once these 
parameters stabilized, a sample was collected for hydrogen sulfide analysis. Water was then 
passed through a 0.45 micrometer (µm) filter capsule and collected in bottles for chemical 
analysis. Samples were collected in separate bottles to test for anions, metals, alkalinity, 
ammonium, and organic carbon. The metals, ammonium, and organic carbon samples were 
preserved in the field with high purity acids. Bottles were put in an ice-filled cooler for transport 
back to the analytical laboratory in Champaign. A sample kit identical to the one used in Phase I 
sampling was left with the homeowner to collect a sample for lead and copper using the same 




Lead was analyzed using a method based on USEPA Method 200.9 (Environmental Monitoring 
Systems Laboratory 1996). The minimum detection limit and limit of quantification for this 
method was 0.76 µg/L. Samples were preserved with 0.2% nitric acid and subsequently 
digested in 3% nitric acid before being analyzed. Measurements were made using an Agilent 
Technologies 240Z Graphite Furnace Atomic Absorption Spectrometer, with Zeeman 
background correction, a PSD 120 Programmable Sample Dispenser, and SpectAA software. 
Samples with the highest total lead contents were filtered through a 0.45 μm filter for dissolved 
lead analysis. The analytical procedure for dissolved lead was the same as for total lead. 
 
Anions (sulfate, chloride) were analyzed using USEPA Method 300.0 (Environmental Monitoring 
Systems Laboratory 1993). Only the sulfate samples required preservation via cooling to 4°C. 
Both species were analyzed using a Dionex ICS-5000 ion chromatograph (25-microliter injection 
loop) with a conductivity detector, an AS-DV automated sampler, and an AERS 500 eluent 
suppressor. Separations were carried out isocratically on an IonPac AS14 analytical column, 
with an AG14 guard column, using a mixture of 1.0 millimolar (mM) sodium bicarbonate and 3.5 
mM sodium carbonate as an eluent. Chromeleon software was used to collect and process the 
data. The method detection limit for chloride was 0.16 mg/L. The method detection limit for 
sulfate was 0.21 mg/L. 
 
Alkalinity measured in the form of calcium carbonate (CaCO3) was determined by titration using 
Standard Method S2320B (American Public Health Association 1999). Laboratory pH 
measurements were analyzed using USEPA Method 150.1 (U.S. Environmental Protection 




using a Mettler Toledo T70 titrator, a Mettler DGi111-SC combined glass pH electrode, and a 




Initially an attempt was made to find already validated survey instruments that used semi-
quantitative methods of evaluating water consumption. National surveys (i.e., American 
Community Survey [ACS] NHANES, BRFSS) were reviewed, particularly sections that collected 
information on water consumption and use, perceptions of water quality, and information on 
housing and plumbing quality and characteristics. Other studies that used survey instruments to 
evaluate different contexts of water consumption, exposure, and quality perception were also 
reviewed. A fully validated questionnaire was not found for this study’s purposes because most 
questionnaires that do quantitatively evaluate water consumption are Food Frequency 
Questionnaires (FFQ) that require a computer or in-person administration and are more 
appropriate for dietary and nutrition-based studies. Some questionnaires asked if an individual 
did or did not consume well water but gave no indication about the amount consumed. 
Ultimately, a composite questionnaire was created using questions from multiple sources with 
refinements (Jones et al. 2006, Merkel et al. 2012, McLeod et al. 2014, Onufrak et al. 2014, 





Questionnaire data were input and managed in Microsoft Access form, with appropriate quality 
assurance/quality control procedures to ensure the accuracy of the data. Duplicate data entry 
was used to ensure data quality, purposefully extracting data on age of housing. Water 
analytical data were processed to allow for comparisons between the first draw and last draw 
lead samples by household and were merged together with corresponding results from the 
questionnaire. For all chemistry data with non-detect results, single imputation methods were 






For each sample, both the Larson-Skold Index (LSI) and the CSMR were calculated. The Larson-
Skold Index was calculated using the following equation: 
 
𝐿𝑆𝐼 =  





where 𝑒𝑝𝑚 refers to equivalents per million. For samples in which dissolved lead 
concentrations were determined, particulate lead was calculated by subtracting dissolved lead 





All analyses were conducted in SAS 9.4 (SAS Institute, Cary NC). Univariate analyses were 
conducted for WLLs, geological parameters, corrosivity (both LSI and CSMR), and age of 
housing. Normality was checked first using the Shapiro-Wilk test. Housing age was normally 
distributed, and both corrosivity metrics became normally distributed after applying log 
transformations. However, both first and last draw lead did not become normally distributed 
even after log or inverse (1/Y) transformations. Thus, to keep consistency with analytical 
methods, non-parametric analyses were used throughout. WLL was also analyzed as a 
dichotomous outcome, and samples were classified by whether lead concentrations were 
detectable or exceeded the higher-level quantiles of the total lead distribution (i.e., the 67th or 
75th percentile values). The Wilcoxon Signed Rank test was used for non-parametric analyses of 
WLL, and county-specific differences of lead levels and corrosivity indices were analyzed using 
Mann-Whitney U tests to evaluate geographic and prospective geological phenomena. 
Differences in housing stock across counties were also analyzed using t-tests. 
 
A key to these analyses was the establishment of differences between WLLs before and after 
1986. After finding the housing cutpoints and fully evaluating lead-corrosivity and corrosivity-
housing relationships, homes constructed before our housing cutpoint of interest (1986) were 
looked at specifically. Similar methods were used as described above in the WLL-corrosivity 
quadrant:  
 
1) Corrosivity and WLL: Continuous 
a. Test: Spearman’s Rank correlation 
b. Rationale: Evaluate the presence of linear or monotonic relationships between 
corrosivity and lead 
2) Corrosivity: Continuous 
WLL: Dichotomous (Detection limit status, 67th percentile status) 
a. Test: Mann-Whitney U test; t-approximated p-values 
b. Rationale: to understand if corrosivity is higher in detectable lead samples and 
samples exceeding the 67th percentile 
3) Corrosivity: Categorical (Empirical thresholds) 
WLL: (Detection limit status, 67th percentile status) 
a. Test: Fisher’s Exact Test 
b. Rationale: Analyze discrete interactions between corrosivity and lead. 
 
In addition to the bivariate comparisons depicted above, a set of sensitivity analyses was 
conducted. Both corrosivity variables were examined and treated by their empirical thresholds 
or by quantiles (specifically tertiles, quartiles, and quintiles). Then the associations of each 
categorization of corrosivity with lead classifications by detectability and exceedance of 
percentiles (60th, 67th, 80th) were looked at to ensure the robustness of the effects and to 
inform logistic regression modelling.  
 
Finally, exploratory multivariate logistic regression modelling was conducted to predict lead 
detection as our dichotomous outcome. Our hypothesis was that increases in corrosivity would 




shape of this relationship. Thus, a few transformations, categorizations, and dichotomizations 
of our corrosivity variable (LSI, in this case) were used, specifically: 
 
 Unaltered LSI as a continuous variable 
 Log-transformed LSI 
 Quadratic (LSI2, LSI) 
 Various quantile comparisons (quartiles and quintiles) of LSI 
 Dichotomized by empirical threshold (Low or Moderate/High) of LSI 
 Dichotomized by the 75th percentile of LSI (above or below) 
 
The age of housing was also examined as both a continuous predictor and dichotomized by 
pre/post 1986. From these results, lead detection was modeled with both corrosivity and 
housing age cutpoints with and without interaction. The housing age and corrosivity cutpoints 
were taken, yielding significant associations, and used as a “screening tool” to predict lead 
detection within a given sample. Subsequently, the positive predictive value (PPV) and the 









Descriptive Characteristics of Residents, Wells, and Water Usage 
 
We received 150 total questionnaires, including 62 from Kane County, 37 from Jackson County, 
and 51 from Peoria. Questionnaires included three sections that were broadly categorized into 
questions about: 
  
 the people who live in the home and use the well water;  
 the well itself; and  
 water, including treatment, usage, and perceptions about water quality.  
 
Table 3 shows descriptive characteristics of the study participants. These self-reported 
questionnaire data showed that overall, respondents tended to be male, Non-Hispanic White, 
and older, with over 83% being older than age 45, and about two-thirds being older than 55 
years. Over 75% of respondents reported holding some form of higher education degree. 
Between 5 and 10% of respondents declined to answer questions about their age, race-
ethnicity, and education, while roughly one-fourth preferred not to provide their income range. 
Of those who responded, 60% reported an annual household income of $55,000 or more. 
  
Table 4 shows descriptive information pertaining to the wells. The vast majority of the wells 
were drilled, as opposed to bored, dug, or sandpoint. However, nearly one-third of respondents 
did not know. More than 17% reported awareness of lead in plumbing or well components at 
their residence (nearly 30% in Peoria County). More than half have an older well, while about 
63% have an older home. Close to 90% report spending less than 100 dollars annually on 
upkeep of their water well, a number that was quite consistent across counties (range: 85.5-
91.9%). 
 
Table 5 shows characteristics of the study participants’ perceptions and behaviors related to 
water use. In general, participants reported feeling that their water is safe to drink (nearly 50% 
strongly agreed). Still, nearly a range of 1.6%  to 3.9% across counties strongly disagreed that 
their tap water is safe. About 30% primarily drink water straight from the tap, while 27.3% drink 
filtered tap water, and another 27.3% drink bottled water (with about 40% reported feeling 
that bottled water is safer than their tap water). Over 90% of respondents were aware of the 
water quality issues in Flint, Michigan, but only 23.2% said that the issues in Flint caused them 
to question their own water quality. Ten percent of all respondents had previously tested their 
water for lead, and of those, only one reported having a positive test result. Reports of ever 

















Sample Size 62 37 51 150 
 Gender      
     Female 29 (46.8) 13 (35.1) 14 (27.5) 56 (37.3) 
     Male 28 (45.2) 21 (56.8) 29 (56.9) 78 (52.0) 
     Declined 5 (8.1) 3 (8.1) 3 (5.9) 11 (7.3) 
     Missing 0 (0.0) 0 (0.0) 5 (9.8) 5 (3.3) 
Race-Ethnicity     
     Non-Hispanic White 51 (82.3) 34 (91.9) 43 (84.3) 128 (85.3) 
     Non-Hispanic Black 2 (3.2) 0 (0.0) 0 (0.0) 2 (1.3) 
     Hispanic 1 (1.6) 0 (0.0) 1 (2.0) 2 (1.3) 
     Other 1 (1.6) 0 (0.0) 1 (2.0) 2 (1.3) 
     Multiple Selections 1 (1.6) 1 (2.7) 0 (0.0) 2 (1.3) 
     Declined 6 (9.7) 2 (5.4) 3 (5.9) 11 (7.3) 
     Missing 0 (0.0) 0 (0.0) 3 (5.9) 3 (2.0) 
Age (years)     
     26-35 3 (4.8) 2 (5.4) 5 (9.8) 10 (6.7) 
     36-45 7 (11.3) 2 (5.4) 4 (7.8) 13 (8.7) 
     46-55 11 (17.7) 7 (18.9) 7 (13.7) 25 (16.7) 
     56-65 17 (27.4) 7 (18.9) 11 (21.6) 35 (23.3) 
     66 and over 24 (38.7) 19 (51.4) 22 (43.1) 65 (43.3) 
     Missing 0 (0.0) 0 (0.0) 2 (3.9) 2 (1.3) 
Education     
     Some high school 0 (0.0) 1 (2.7) 1 (2.0) 2 (1.3) 
     High School grad 6 (9.7) 5 (13.5) 9 (17.6) 20 (13.3) 
     College/Tech grad 14 (22.6) 8 (21.6) 14 (27.5) 36 (24.0) 
     University grad 18 (29.0) 13 (35.1) 11 (21.6) 42 (28.0) 
     Post-graduate degree 17 (27.4) 8 (21.6) 13 (25.5) 38 (25.3) 
     Other 3 (4.8) 0 (0.0) 0 (0.0) 3 (2.0) 
     Declined 4 (6.5) 2 (5.4) 1 (2.0) 7 (4.7) 
     Missing 0 (0.0) 0 (0.0) 2 (3.9) 2 (1.3) 
Annual Income ($)     
     <25,000 1 (1.6) 3 (8.1) 1 (2.0) 5 (3.3) 
     25,000-54,999 2 (3.2) 6 (16.2) 6 (11.8) 14 (9.3) 
     >55,000 39 (62.9) 20 (54.1) 31 (60.8) 90 (60.0) 
     Declined 20 (32.3) 8 (21.6) 11 (21.6) 39 (26.0) 

















 Well Construction         
     Drilled 33 (53.2) 29 (78.4) 26 (51.0) 88 (58.7) 
     Sandpoint 0 (0.0) 0 (0.0) 1 (2.0) 1 (0.7) 
     Bored 0 (0.0) 1 (2.7) 7 (13.7) 8 (5.3) 
     Dug 0 (0.0) 2 (5.4) 2 (3.9) 4 (2.7) 
     Other 0 (0.0) 1 (2.7) 0 (0.0) 1 (0.7) 
     Don’t know 29 (46.8) 4 (10.8) 14 (27.5) 47 (31.3) 
     Missing 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 
Aware of Pb on premises      6 (9.7) 6 (16.2) 14 (27.5) 26 (17.3) 
Pre-1986 well 36 (58.1) 19 (51.4) 25 (49.0) 80 (53.3) 
Pre-1986 home 40 (64.5) 21 (56.8) 33 (64.7) 94 (62.7) 














 “My tap water is safe to drink”         
     Strongly agree 29 (46.8) 21 (56.8) 23 (45.1) 73 (48.7) 
     Somewhat agree 18 (29.0) 7 (18.9) 14 (27.5) 39 (26.0) 
     Neutral 9 (14.5) 4 (10.8) 7 (13.7) 20 (13.3) 
     Somewhat disagree 5 (8.1) 3 (8.1) 4 (7.8) 12 (8.0) 
     Strongly disagree 1(1.6) 1 (2.7) 2 (3.9) 4 (2.7) 
     Missing 0 (0.0) 1 (2.7) 1 (2.0) 2 (1.3) 
“Bottled water is safer than my tap water”     
     Strongly agree 13 (21.0) 3 (8.1) 13 (25.5) 29 (19.3) 
     Somewhat agree 18 (29.0) 5 (13.5) 8 (15.7) 31 (20.7) 
     Neutral 19 (30.6) 15 (40.5) 20 (39.2) 54 (36.0) 
     Somewhat disagree 8 (12.9) 6 (16.2) 5 (9.8) 19 (12.7) 
     Strongly disagree 4 (6.5) 7 (18.9) 4 (7.8) 15 (10.0) 
     Missing 0 (0.0) 1 (2.7) 1 (2.0) 2 (1.3) 
Drinking water source     
     Straight from the tap 7 (11.3) 20 (54.1) 20 (39.2) 47 (31.3) 
     Tap with treatment 25 (40.3) 7 (18.9) 9 (17.6) 41 (27.3) 
     Bottled water 17 (27.4) 7 (18.9) 17 (33.3) 41 (27.3) 
     Other 13 (21.0) 3 (8.1) 3 (5.9) 16 (10.7) 
     Missing 0 (0.0) 0 (0.0) 1 (2.0) 1 (0.7) 
Cooking water source     
     Tap 34 (54.8) 24 (64.9) 35 (68.6) 93 (62.0) 
     Bottled 1 (1.6) 1 (2.7) 4 (7.8) 6 (4.0) 
     Tap with treatment 7 (11.3) 1 (2.7) 3 (5.9) 11 (7.3) 
     Combination 20 (32.3) 11 (29.7) 8 (15.7) 39 (26.0) 
     Missing 0 (0.0) 0 (0.0) 1 (2.0) 1 (0.7) 
Aware water is possible Pb source 39 (62.9) 28 (75.7) 29 (59.2) 96 (64.9) 
Awareness of Flint, MI 60 (96.8) 34 (91.9) 46 (90.2) 140 (93.3) 
Concern about Flint, MI 18 (31.0) 4 (11.8) 10 (21.7) 32 (23.2) 
Ever tested water for Pb 4 (6.5) 6 (16.2) 5 (9.8) 15 (10.0) 
Positive Pb water result 0 (0.0) 1 (2.7) 0 (0.0) 1 (0.7) 




Water Quality, Phase I 
 
A total of 151 sample kits was received by ISWS during Phase I of the project, with 38 coming 
from Jackson County, 62 from Kane County, and 51 from Peoria County. Of those 151 samples, 
73 (48.3%) had detectable lead in the first draw sample (Table 6). Percentages were similar in 
the three counties, with Jackson County the highest (52.6%), then Peoria (51.0%), and finally 
Kane County (43.5%). A total of 34 samples (22.5%) had detectable lead in the seventh liter 
sample. Peoria County (29.4%) and Jackson County (29.0%) had considerably more detects in 
the seventh liter than Kane County (12.9%).  
 
Five first draw samples (3.3%) had WLLs that exceeded the Lead and Copper Rule action limit 
(15 µg/L), two each in Jackson and Kane Counties and one in Peoria County. None of the 
seventh liter samples had WLLs above the action limit. The maximum WLL in a first draw 
sample was 76.2 µg/L (Jackson County). A total of 23 first draw (7 in Jackson, 9 in Kane, and 7 in 
Peoria) and 3 seventh liter samples (1 in Jackson and 2 in Peoria) were analyzed for dissolved 
lead. The criteria for selection was slightly different in each county but generally included 
samples with total lead concentrations of greater than 3 µg/L. The relationship between total 
and dissolved lead concentrations for first draw samples is shown in Figure 2. There appeared 
to be two distinct populations. For most samples, the vast majority of the total lead was in the 
dissolved state. For the second population, which included the samples with the highest WLLs, 








# with Detectable 
Pb (> 0.76 µg/L) 
# with Pb above action 




first liter, total 38 20 2 76.2 
seventh liter, total 38 11 0 3.93 
first liter, dissolved 7 4 0 4.49 
seventh liter, dissolved 1 1 0 3.01 
Kane 
first liter, total 62 27 2 47.0 
seventh liter, total 62 8 0 3.37 
first liter, dissolved 9 5 0 5.79 
seventh liter, dissolved 0 0 0 NA 
Peoria 
first liter, total 51 26 1 15.4 
seventh liter, total 51 15 0 5.00 
first liter, dissolved 7 5 0 13.0 
seventh liter, dissolved 2 2 0 3.41 






Figure 2: Dissolved lead (Pb) vs. total lead (Pb) for selected Phase I first draw samples. Line 




There was considerable variability in alkalinity, chloride, and sulfate concentrations, and thus in 
corrosivity (Tables 7 and 8 and Figure 3). Alkalinity and chloride concentrations were 
significantly lower in Jackson County (P ≤ 0.005), but sulfate concentrations were highest in 
Jackson County (significantly greater than Kane County, [P = 0.007]). There were no significant 
differences among counties for the Larson-Skold Index, and most samples had low corrosivity 
(LSI < 0.8). Only 12 samples (4 in Jackson, 3 in Kane, 5 in Peoria) had high corrosivity (LSI > 1.2). 
On the other hand, the majority of samples had CSMR values > 0.6, with 93.6% of samples in 
Kane and 70.0% in Peoria exceeding that threshold, indicating the potential for accelerated lead 
solder corrosion. There were significant differences in CSMR values (P = < 0.001) for the three 
counties, with the highest in Kane County and the lowest in Jackson County. The high CSMR 
values in Kane County are likely due to elevated levels of chloride, which are typically attributed 
to road salt runoff in this northern county with a large urban population (Kelly et al. 2016). 
Study participants received written reports of their WLL and corrosivity results. The report 







Table 7: Summary of alkalinity, chloride, and sulfate concentration data from Phase I sampling. 
County 
Alkalinity (mg CaCO3/L) Chloride (mg/L) Sulfate (mg/L) 
Median Minimum Maximum Median Minimum Maximum Median Minimum Maximum 
Jackson 305 65 726 8.9 2.7 1022 37.3 < 0.21 319 
Kane 356 148 581 39.2 0.8 515 19.1 < 0.21 192 












(0.8 – 1.2) 
% High 
(> 1.2) 
Median % > 0.6 
Jackson 0.22 65.8 7.9 13.2 0.32 29.0 
Kane 0.28 80.7 14.5 4.8 4.69 93.6 











Water Quality, Phase II 
 
A total of 28 wells were sampled as part of Phase II: 11 in Kane County, 9 in Jackson County, and 
8 in Peoria County. For the Phase II samples, three lead and copper measurements were made. 
In addition to the first draw and seventh liter samples collected in the house, a sample taken 
from the well was analyzed. For all the sites, WLLs decreased from the first draw to the seventh 
liter to the well sample (Figure 4).  
 
Three well samples in Jackson County had detectable WLLs, suggesting well or pump 
components as the source. Copper generally followed the same pattern as lead, with one site in 
Kane County having slightly higher copper in the seventh liter compared to the first draw 
(Figure 5). Twelve well water samples had detectable copper. Two of the well water samples 
had higher copper than in the seventh liter, again suggesting well/pump component sources. 
Lead and copper concentrations were not strongly correlated for either the first draw or 












Figure 5: Copper (Cu) concentrations in first draw (1L), seventh liter (7L), and well samples in 










Figure 6: Copper (Cu) vs. Lead (Pb) concentrations in first draw and seventh liter samples 





There were some differences between Phase I and Phase II for first draw lead concentrations 
from some of the homes (Figure 7). This was especially true for two samples that had extremely 
high WLLs in Phase I. The home that had 76.2 µg/L in Phase I had 2.09 µg/L in Phase II, and the 
home that had 30.4 µg/L in Phase I had 4.28 µg/L in Phase II. For the others, there were more 
samples with higher WLLs in Phase I than in Phase II than vice versa. For the other parameters 
measured in both Phases (alkalinity, chloride, sulfate), the concentrations generally did not vary 
between the two sampling events except for some chloride values in Kane County and for 





Figure 7: Comparison between lead (Pb) concentrations in first draw samples for homes 






Figure 8: Relationships between parameters for samples collected in both Phase I and Phase II. 




Water quality data from many of the Jackson County samples suggested rapid recharge into the 
shallow aquifer. All but one of the samples had measurable dissolved oxygen, with five having 
values of 5-7 mg/L, which are anomalously high for most groundwater systems. In addition, six 
of the nine samples had nitrate-N concentrations greater than 2 mg/L, a threshold that 
generally indicates human source(s) of contamination (agriculture or septic) (Panno et al. 
2006b), with one sample having a concentration greater than the drinking water standard (10 
mg/L). Chloride concentrations were also above what is commonly considered background (15 
mg/L) (Panno et al. 2006a) in six of the wells.  
 
Nitrate-N concentrations were less than 1 mg/L for all Kane and Peoria County samples except 
one in each county. However, chloride concentrations were much higher in Kane and Peoria 
County samples compared to Jackson County, most likely because of runoff from road salt. 




mg/L (six were greater than 50 mg/L), with high values of 392 mg/L (Kane County) and 1,273 
mg/L (Peoria County). These two high values are above the secondary drinking water standard 
for chloride (250 mg/L). These elevated chloride concentrations can also lead to increased 
corrosivity. This Peoria County sample with the extremely high chloride concentration had very 
poor quality with a very high dissolved solids concentration, which may indicate the influence 
of basin brines that occasionally occur in bedrock aquifers in this part of the state.  
 
Perhaps the most interesting results from the Jackson County Phase II sampling were 
anomalously low pH values in most of the samples (Figure 9). Five of the samples had pH values 
less than 6.0, and three other samples had values less than 6.6. These acidic pH values are 
uncommon in Illinois. The pH values are correlated with temperature, nitrate-N concentrations, 
and SpC values. The low pH samples also had measurable dissolved oxygen. These results 
suggest to us rapid movement of water into the karst aquifer with little time for biogeochemical 
reactions that would buffer the pH, reduce nitrate-N levels, and increase total dissolved solids. 
The pH is not explicitly considered when calculating the LSI corrosivity index, although alkalinity 
is a function of pH. Thus, there is a negative correlation between pH and LSI, especially for the 
Jackson County samples.  
 
First draw WLLs were correlated with pH for Phase II sampling (Figure 10), although the 
correlation for Kane County was stronger than for Jackson County (r2 = 0.561 vs. 0.191, 
respectively). Correlations between first draw copper and pH were weaker (Kane r2 = 0.200, 





















Predictors of WLL 
 
In Kane and Jackson counties (the counties for which questionnaire data have been analyzed), 
lead was more likely to be detected in the first draw water samples in homes built before 1986 
than in homes built in or after 1986. As shown in Table 9, 58.6% of pre-1986 homes have 
detectable lead compared to the 25.8% detection frequency among post-1986 homes. 
Expressed as an odds ratio, homes built before 1986 were 2.08 (95% CI 1.68, 11.68) times more 
likely to contain measurable lead than homes built after 1986. Homes with relatively corrosive 
water (Laron-Skold Index of 0.59 or greater) were 2.87 (1.11, 7.88) more likely to have 
measurable lead than homes with less corrosive water.  
 
As shown in Figure 11, among homes built after 1986, the detection of lead in first draw water 
samples was more common in homes with more corrosive tap water (Larson-Skold Index 
corrosivity categories of Low LR < 0.8, Moderate: 0.8 < LR < 1.2, High: LR > 1.2). This result was 
not the case for homes built before 1986. Among homes built before 1986, corrosive water 
increased the odds of measured lead presence in the water by a factor of 4.13 (1.02, 16.68). 
 
These two pieces of information–home construction prior to 1986 and water corrosivity–were 
useful in predicting whether first draw tap water contained measurable lead. If only the homes 
with both pre-1986 in age AND corrosive water in Kane and Jackson counties were to be tested 
for WLL, nearly all of those homes (93.5%) would have been found to have measurable water 
lead (i.e., high specificity, with few “false positives”). However, only 31.0% of homes with 
measurable lead would have been identified using this approach (i.e., low sensitivity, with many 
“false negatives”). Importantly, two of the three homes with the highest WLL (nearly all of 
which was particulate) would have been missed had a screening assessment (consisting of 
home age and water corrosivity) been used to determine the need for lead testing. Complete 




Table 9: Home age and lead detection, Jackson and Kane counties. 
Lead Detection, first 
draw water sample 
Pre-1986 Post-1986 Status Unknown Fisher's Exact Test 















Total 57 31 9  









Figure 11: First draw WLLs by Larson Skold Index thresholds and housing age status. Samples 
exceeding the USEPA Action Level of 15 μg/L (n=3) were truncated at a value 9 for the purposes 
of making visualization of trends easier. Samples lacking corrosivity data associated with them 













Results from Phase I indicate that homes with domestic wells in Illinois are at risk of having lead 
in their tap water. Among samples with the highest WLLs (> 15 µg/L), nearly all the lead present 
was in the particulate phase. Two of these wells were resampled during Phase II and had much 
lower WLLs. If most of the exposure to lead in water comes from particulate lead, then 
understanding the physical and/or chemical processes that are associated with producing 
elevated particulate WLLs should be prioritized.  
 
The Phase II results gave a plausible explanation for the detection of lead in many Jackson 
County samples. Jackson County has shallow carbonate (limestone and dolomite) aquifers that 
contain karst features such as sinkholes. Dissolution of the bedrock has produced creviced 
aquifers that are connected to the land surface. Rainfall entering the aquifer rapidly passes 
through the creviced bedrock with little time to react with the bedrock or soil zones above it. 
Thus, the water can be aggressive and corrosive. Low pH waters have been linked to high WLLs 
in other states (Swistock et al. 2013, Pieper et al. 2015b). The closer the wells are to recharge 
zones and the more rapid the water movement, the more corrosive the water is likely to be. 
Therefore, it seems possible that WLLs may vary temporally in such terrains as the groundwater 
flow and geochemistry vary as a result of variations in recharge.  
 
Given that more than 40 million people in the United States rely on private wells for drinking 
water, public health departments would be overwhelmed if tap water from all homes were to 
be tested for lead. For that reason, identifying predictors of water lead presence (or a WLL that 
exceeds a given threshold) should be useful in identifying homes with private wells that are at 
increased risk for lead contamination. Home age (pre-1986, when the use of lead in plumbing 
materials and service lines was banned, vs. post-1986) and water corrosivity were found to be 
predictors of WLL in the detectable range. Determining home age can be accomplished by 
examining municipal records or estimated by asking homeowners. Measures of water 
corrosivity may not be necessary at every home if small-scale variability of corrosivity in 
groundwater were better understood in counties (or smaller spatial units) of interest.  
 
Our findings are subject to several limitations. First, study participants, rather than members of 
the research team, conducted water sampling in their homes. We were unable to estimate the 
extent to which they adhered to sampling protocols. However, because we observed what we 
expected (seventh liter water samples tended to have lower WLLs than first liter samples), the 
likelihood of protocol adherence is high. Second, the participants were recruited by local health 
departments through publicity efforts and likely do not represent a random sample of private 
well users within the counties. It is not possible to evaluate whether the mean WLL, 
demographics, or housing characteristics of participants would have been different had random 
sampling been used. However, given that testing of WLLs in private wells is not required, it is 
unlikely that participants self-selected because of their knowledge of lead levels in their tap 
water. Third, data about plumbing materials or well materials in use at homes was not 
collected. It is certainly plausible that efforts to screen homes for WLLs could be improved if the 






The results of this study clearly indicate that approximately half of the homes with domestic 
wells sampled in this study have measurable lead in tap water and that 3.3% had levels that 
exceeded the 15 µg/L level that applies to community water systems. We believe this indicates 
a potential statewide vulnerability of domestic wells to lead contamination in tap water. Our 
study collected samples from only 3 of the 102 counties in Illinois. The three counties selected 
represent three fairly distinct hydrogeological and geochemical regimes, and results could 
potentially be applied in a very broad sense to counties with similar characteristics. However, 
direct testing in additional counties would be needed to fully understand the extent of WLLs in 
homes with domestic wells in Illinois. 
 
To understand WLLs in homes with domestic wells in Illinois, considerations should be given to 
home and well age, as well as the geologic environment and groundwater geochemistry. 
Homes that had elevated levels of particulate lead in Phase I showed far lower WLLs in follow-
up sampling (Phase II). This result suggests that the release of lead-containing particles may 
occur intermittently. This intermittency makes it difficult to conclude with confidence that 
homes with private wells are free of a WLL hazard. Given the neurotoxic effects of lead on small 
children, further efforts are needed to better understand the distribution of WLLs in tap water 
of homes that rely on private wells. A better understanding of predictors of WLLs is needed to 
inform public health actions to screen for lead. Such predictors may include whether visual 
inspection of plumbing and well materials suggest the presence of lead. This information should 
be communicated to public health and housing officials. The costs and effectiveness of different 




There is a clear need to identify homes with private wells at high risk for having measurable tap 
water lead. Towards that end, the main findings were communicated to the public health 
officials in brief, and formal results will be presented in early 2020. Effective screening and 
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Appendix A: Sample Kits, Instructions, and Questionnaires 
 
 
Figure A-1: Sample kits used by study participants to collect the first and seventh liter home 
water samples. 
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